Abstract: Design and construction industries, along with owners, have an increasing interest in and responsibility for the environmental impacts of buildings. Since the environmental impacts of a building's life cycle are considerable, quantification of all phases is important, especially the construction phase, which is often glossed over. This research focuses on the construction phase of a building project. Generally, the life-cycle inventory created in performing a life-cycle assessment ͑LCA͒ is developed using either a process or input-output approach; however, both techniques have distinct advantages and disadvantages. A hybrid approach combining both methods' advantages has been proposed and will be demonstrated. Existing hybrid models are reviewed, along with a recommendation of a hybrid model for construction. A preliminary case study of a precast concrete parking garage's construction using hybrid LCA methodology is presented. Preliminary investigations indicate transportation, equipment activity, and support functions have the largest effects on the environment.
Background and Introduction
The environmental impacts of a building's life cycle-design, raw material extraction, processing, construction, use, and end of life-are considerable. Buildings annually use over 70% of total United States electricity ͑EIA 2001a͒, require over 39% of United States primary energy ͑EIA 2001b͒, emit 39% of the United States' greenhouse gas emissions ͑EIA 2003͒, contribute 136 t million of construction and demolition waste ͑EPA 1998͒, consume 11% of the United States' potable water ͑USGS 2000͒, and use 40% of raw materially globally ͑USGBC 2004͒. Increasing interest in leadership in energy and environmental design ͑LEED͒, the green building rating system created and facilitated by United States Green Building Council ͑USGBC͒, demonstrates that the owners and design and construction industries have begun to recognize these important environmental impacts of buildings.
Previous environmental analysis of the built environment has generally focused on areas such as building materials; energy, water, and material use in operation and maintenance; construction and demolition waste management; and off-road vehicle emissions; this research focuses on construction processes. An environmental management tool that can be used to assess the life cycle of buildings is life-cycle assessment ͑LCA͒, a framework that holistically evaluates the environmental effects of a product or process by analyzing the entire life cycle of that particular product or activity. Many LCAs utilize either the process-based ͑Keoleian et al. . This research examines and develops hybrid LCA modeling for construction, which attempts to combine the strengths of both techniques.
Some existing research has assumed that the impacts of the construction phase are negligible ͑Junnila and Horvath 2003͒, while others have indicated that the environmental impacts associated with construction are underestimated ͑Hendrickson and Horvath 2000͒. Quantification can be difficult because the construction data can be inaccurate: widespread reliable data does not exist because the construction industry does not report emissions to the Environmental Protection Agency ͑EPA͒.
Because the environmental effects of the construction process have not been consistently quantified, the assumption that these effects are negligible in comparison with other building phases has not been sufficiently explained. Even if the environmental impacts from construction are small compared to other phases, these impacts may be large when looked at in different temporal and spatial frames. If one is to understand the entire life cycle of a building, then an LCA should be performed for the construction phase. Another possible reason this phase of the building life cycle has not been previously advanced is due to the lack and inconsistency of data supplied by the construction industry.
This research attempts to assess the construction phase of a building project with a hybrid LCA model that utilizes both process and input-output life-cycle inventory methods. This paper provides general information on LCA, discusses existing hybrid LCA models, proposes a hybrid LCA model for construction, and presents a case study of a preliminary hybrid model for construction processes.
Methodology: LCA Modeling
Life-cycle assessment is a systematic approach to analyze and assess the environmental impacts of a product or process over its entire life cycle. A typical LCA includes the major stages of raw material extraction, manufacturing, use, and end-of-life scenarios for a product or process. Guidelines for performing an LCA are delineated by the American National Standards Institute ͑ANSI͒ and International Organization of Standardization's ͑ISO͒ 14040 series ͑ANSI/ISO 1997͒. LCA is an iterative four-stage process including goal and scope definitions, life-cycle inventory ͑LCI͒ analysis, life-cycle impact assessment ͑LCIA͒, and interpretation. The LCI step is often where the LCA terminates due to framework, development, and subjectivity inconsistencies in the LCIA stage. There are two approaches for generating an LCI. The process method systematically computes the known environmental inputs and outputs by utilizing a process flow diagram. The scope of the process model continues to the point where the flow between process and emissions are negligible. The process approach was further developed with the framework established in the ISO 14040 series. This approach requires data collection from pubic sources, company or product specific information, and published research.
Another LCI method is input-output ͑I-O͒ analysis, which was developed in terms of economics by Wassily Leontief in the 1930s ͑Leontief 1936͒. Leontief developed an interdependency model that quantifies proportional interrelationships among economic sectors in an entire economy. I-O LCA combines national sector-by-sector economic interaction data, which quantifies the dependencies between sectors, with sector level environmental effects on resource use data. Using matrix operations, a change in economic demand from a sector can be quantified into environmental or resource terms. Carnegie Mellon University has developed an I-O based LCA tool, economic input-output life-cycle assessment ͑EIO-LCA͒ ͑Lave et al. 1995; Hendrickson et al. 1998 ; Green Design Institute, Carnegie Mellon University 2004͒. The United States economy is represented by about 500 sectors, and many sectors represent a wide range of product types. EIO-LCA considers both direct and indirect impacts. For example, for the purchase of a car, direct impact would include steel, aluminum, and plastic; and also, the indirect impacts from the production of steel as well as the entire supply chain of the automobile through the economy.
Because there are advantages and disadvantages associated with process and I-O methods, researchers have proposed a hybrid model that combines the strengths of both methods. A summary of advantages and disadvantages are listed in Table 1 . One of the major limitations of the process model is the subjective determination of the boundary location; conversely, I-O effectively eliminates the boundary issue by considering an entire economy. As an example of the boundary issue, again consider the production of a car, whose direct components include materials like steel, aluminum, tires, plastic, and paint. For each of those direct components, the LCA practitioner is required to trace the inputs to environmental impacts, a process that continues both upstream and downstream from the car until the set boundary limits are reached. The boundary for process LCAs is typically drawn around the direct impacts and to a point acceptable to the LCA practitioner; whereas, the boundary using I-O is able to capture all of the components.
While the process LCA model can be limited by boundary definitions, I-O limitations center on the level of aggregation in the economic sector model. With I-O LCA, evaluation of a specific product is not possible due to the aggregation of products into sectors. For example, a comparative LCA of a Ford Focus and a Honda Civic cannot be done with I-O LCA because there is only one "passenger car" sector in which make and model are not distinguished. Consequently, because specific products cannot be modeled, it is also difficult to model process improvements; I-O cannot easily identify the processes within car manufacturing that could be improved. However, I-O analysis can be used for system analysis. For example, if the United States government offered substantial incentives for residential housing, it is possible to model the expansion of the direct and indirect sectors that would result in growth of the residential sector. Another major disadvantage of the process LCA model is that it is often difficult for an LCA practitioner to obtain the necessary data to complete a thorough LCA either because data are not available or a company is unwilling to contribute the proprietary information. EIO-LCA data are based on United States publicly available sources. The United States economic data system has a large number of sectors: the number of sectors and amount of environmental data available in other countries is not as extensive ͑Suh et al. 2004͒. 
Hybrid Models
The goal of a hybrid LCA is to combine the advantages of both approaches. There are several types of hybrid models including tiered, I-O based hybrid, integrated, and "augmented processbased" ͑Bullard et al. 1978; Joshi 2000; Suh 2004; and Guggemos 2003͒ . While these models are presented distinctly, the models are similar in that they combine process and I-O methods in some way and differ primarily in the proportions of input-output and process data. The models can be thought of as a continuum of hybrid model development. Tiered hybrid analysis uses mainly input-output data and augmented process-based uses the largest proportion of process information. Tiered hybrid analysis was developed by Bullard et al. ͑1978͒.The model uses input-output analysis iteratively each step, increasing the detail of the model in a process-like framework in order to determine the energy burden of a product system. Inputoutput analysis is used to determine the energy flows crossing the process system boundary. The first approximation is at the wholeeconomy level: the cost of a product is multiplied by the energy intensity per unit gross domestic product ͑GDP͒. Increasing levels or tiers of detail can be added by associating parts of the product system to individual I-O sectors, increasing the specificity of the analysis. The disaggregated parts of the product system are categorized as either typical or atypical products of existing I-O sectors. The energy requirements of typical products can be determined directly from the I-O sector and energy use factors. The atypical products require further disaggregations and an iterative input-output approach. ͑Note that Bullard uses input-output for both typical and atypical products.͒ An error term determines the appropriate tier based on the uncertainty goals of the analysis. All investigation levels include adjustments for margins of error, budget uncertainty, and energy intensity uncertainty. In summary, this hybrid methodology determines the energy demand for an atypical product by disaggregating the product with budget or material data into representative sectors with associated energy intensities. In terms of the hybrid model continuum, the tiered hybrid analysis model uses mainly input-output data. Other examples of the tiered approach are Suh et al. ͑2004͒, Moriguchi et al. ͑1993͒, Hondo et al. ͑1996͒, and Munksgaard et al. ͑2000͒ .
The second hybrid analysis method, input-output based hybrid analysis, focuses on disaggregating sectors according to detailed economic information. Joshi ͑2000͒ describes three models in this category, namely Models II, III, and IV. Model II can be used when an existing product is not well represented in an existing I-O commodity sector or a completely new product is introduced into the economy. If the production inputs and the environmental burdens are known, then a new sector can be inserted into the EIO-LCA model to determine the economywide economic and environmental effects. However, the key assumption, and key disadvantage of this approach is that the original technical coefficient matrix remains unchanged. Model II is similar to the tiered hybrid model, except environmental process data is included, increasing the amount of process data included in the life-cycle inventory. Model III creates a framework for interaction with the technical coefficient matrix through disaggregation of a sector. The advantages of this approach are that detailed process information can be included without double counting and the framework is presented in a consistent manner. Model IV expands the technical and environmental matrices through an iterative process of disaggregating existing sectors and adding new sectors for which process LCA information is available. Model IV combines the advantages of both process LCA and I-O, namely detailed process information and a whole economy boundary, respectively.
The third method, integrated hybrid analysis, was developed by Suh ͑2004͒. Integrated hybrid analysis integrates processbased LCA with I-O in a mathematical framework. The process data is described in a technology matrix with physical units per operation time for each process, while the units of the I-O model are monetary. The process-based and I-O data for an integrated hybrid model is linked through a make and use framework that is connected through the flows at the boundary of each system. The advantages of the integrated hybrid are the consistent mathematical framework for the entire life cycle, avoidance of double counting, and easy application in analytical tools; the disadvantages are that it is data and time intensive ͑Suh et al. 2004͒ .
An augmented process-based hybrid model was utilized by Guggemos ͑2003͒ for modeling the life cycle of a commercial building. This hybrid approach begins with a process description of a system and uses both EIO-LCA and process data in the analysis. The life cycle is represented as material manufacturing, construction, operation, maintenance, and end of life. The manufacturing stage is modeled by estimating the materials used and their costs, and then using the best-matching EIO-LCA sectors. EIO-LCA is also used to model the life-cycle inventory for temporary materials in the construction phase, fossil fuel and electricity in the operations phase, and lifetime maintenance materials. Emission factors are used for on-site equipment and transportation in the construction, maintenance, and end-of-life stages. The result of this approach is similar to Joshi's Model IV because it: ͑1͒ incorporates a detailed process framework; ͑2͒ maintains the whole economy as the boundary of analysis; ͑3͒ and includes missing processes with process models.
The tiered, I-O based hybrid, integrated, and augmented process-based analyses are four examples of combining process and I-O models. Tiered and I-O based are similar in that they both begin with I-O models and model a system primarily with I-O data. The augmented process approach begins with a process diagram, uses I-O sectors to model individual components, and uses additional sources for processes that cannot be modeled with I-O methods. The tiered and Model II I-O-based models use the materials cost breakdown and result in a similar approach. Both the tiered and I-O hybrid models rely heavily on budget information within an I-O framework and/or the applicable emission and energy use. The final outcome of both of these approaches may still be a higher level of aggregation than ultimately desired since the model relies heavily on the I-O framework. Conversely, the augmented process-based model relies heavily on a process framework along with relevant process and I-O data for unit processes that cannot be modeled efficiently with process data. While the integrated hybrid model may provide a comprehensive hybrid framework, the time and data constraints of this model may make this hybrid model time and cost prohibitive. After considering the applicability of all four hybrid LCA models to construction, the augmented process-based LCA approach will be used in the following construction case study. This approach was chosen because of the lack of life-cycle assessment data for construction and the nature of the construction industry, which is primarily driven by schedules, budgets, and quality standards. Economywide public construction emissions data are lacking because the construction industry does not consistently report emissions to the EPA and these emissions are not typically tracked by the construction industry or others. When available, construction process data was derived from typical project records and practices; this data will be used in conjunction with LCI processes and equipment emission factors.
Additionally, the construction industry has existing financial construction data in estimating software and scheduling tools. This monetary data can be applied in I-O tools such as EIO-LCA without the need to collect additional data. Two main goals in hybrid LCA models are improving the time and cost associated with process-based LCAs and developing an inclusive boundary. Using the augmented process-based hybrid LCA achieves both of those goals, hence its selection for application to this case study.
Case Study
The goal of this case study was to create an order of magnitude framework for the construction phase of a parking garage and begin to develop a hybrid LCA for construction processes. The scope of the case study is the construction phase of a precast parking garage located in Pittsburgh. This project was selected because the materials in a parking garage are limited. The limited number of materials will allow for analysis of the future hybrid LCA construction processes model. Results and methodology are preliminary. A comprehensive description of the parking garage construction process was developed through daily construction reports, drawings, specifications, and utility bills. In terms of environmental impacts, the life-cycle inventory focused on emissions of CO 2 , CH 4 , N 2 O and CFC; and SO 2 , CO, NO 2 , VOC, lead, and PM10.
Overview of System: Precast Concrete Parking Structure
The functional unit for this LCA is the construction phase of a precast parking structure. The facility is a five-level parking structure located on a recently remediated brownfield site. This project was publicly funded with four prime contractors who were awarded the project based on the lowest responsible bid. In addition to the four primes, an agency construction manager was hired by the owner to oversee daily construction activity. Construction began at the beginning of 2003 and was completed in October 2003. The parking facility has 377 spaces and is supported by a deep foundation with augercast piles, pile caps, and grade beams. The main structural system is precast concrete with the main components of pre-topped double tees, columns, lite walls, spandrels, panels, stairs, and hollowcore planks.
The construction process is a complex system, and the complete inclusion of every construction activity, material purchase, and delivery is not possible. This analysis is a high-level study that begins the framework to help understand the most critical elements of the construction process. The initial assumptions for the case study are as follows: 1. Once the precast member was delivered to the site, the member was moved off the trailer bed by a crane and erected. It is assumed that the precast member was not stored in a staging area on-site and double-handling of material did not occur. The transportation of the construction equipment to the construction site was not considered due to lack of available data. 2. The dust created during construction activities was not included because the specifications required dust control measures and the monitored data on dust generation was not available. Storm water runoff quantity and quality were not included in this analysis since a management plan was implemented. The storm water management plan was approved by the Allegheny County Conservation District and included elements such as inlet basins covers, silt fencing, and rock construction entrances. 3. The use of small tools was considered only in terms of electricity usage. The electric switch gear and transformer were not included because this equipment was shared with adjacent buildings.
Hybrid Construction Model
This section describes the development of the hybrid construction model along with more specific information on the considered impacts and modeling. 1. Process flow diagram. A general construction process flow diagram was developed. For this case study, the process flow diagram was at a relatively high level. 2. Determination of the boundary. The boundary for this LCA is only the construction and design phases represented as support services ͑see Table 3͒ , while the entire building life cycle includes design, raw material extraction and processing, construction and design, operations and maintenance, and end of life. Fig. 1 illustrates the building life cycle and boundary. Included in the boundary is the transportation of the final building material from the suppliers to the construction site and support services. It is important to note that this transport is for the building material from the final supplier to the construction site. For example, the transportation of the precast concrete does not include either the transportation of the raw materials or the mixing of the concrete at the plant, only the transportation of the final finished precast member from the plant to the job site. The boundary was selected to focus on construction processes in more detail. 3. Process inventory data assessment. The process inventory data assessment was completed by gathering all available process information. Data collection included information from the architect, engineer, prime contractors, and owner. The main data sources include construction drawings, technical specifications, approved submittals, bid tabulation, and schedule. Daily construction reports ͑DCRs͒ from four primes and the on-site construction manager were used for determining the daily activity and daily job progress, such as the number of workers and the on-site equipment use. The main data extracted from these sources related concrete quantity, precast weight and configuration, amount of excess soil removed, equipment durations and types, and electricity and water usage. The DCRs were used to determine con- struction equipment quantities and duration of use. The concrete delivery tickets for the poured concrete and the supplier information were obtained from the general contractor. A database including the quantity, weight, date, delivery time information, and building location ͑when available͒ was created. The concrete data for the augercast piles was determined from the construction drawings and submittals. For the precast concrete, the concrete piece drawings were obtained from the precast manufacturers. Each piece drawing indicates the weight and quantity. This information was used to determine the ton-kilometers for precast transport. Because the site had excess soil and was a brownfield site, all of the excess soil was transported to a state approved residual waste landfill. The manifests indicated the amount of material transported and the weight; this information was used to determine the ton-kilometers for excess soil transportation. On-site electricity and water bills were also obtained for quantifying on-site utility use. 4. EIO-LCA inventory assessment. After analyzing the process inventory data, EIO-LCA data were obtained to augment the process data and to identify and include major impact areas not quantified in the process data, namely, service sectors and upstream effects, and maintenance of construction equipment. The 1992 model of EIO-LCA was selected over the 1997 model because of uncertainties in the construction sector from the Standard Industry Classification ͑SIC͒ and North American Industry Classification System ͑NAICS͒ conversion. 5. Identification of impact processes. Six main processes emerged from this data: ͑1͒ transportation; ͑2͒ construction equipment in terms of diesel usage and combustion emissions; ͑3͒ construction service sectors; ͑4͒ upstream and maintenance of construction equipment; ͑5͒ on-site electricity usage; and ͑6͒ on-site water consumption. The six categories and their respective methodologies are shown in Table 2 along with respective software tool information. Additional information on each impact follows. 6. Modeling. The hybrid construction model was implemented in an LCA process modeling software tool, SimaPro 5.0. SimaPro is a widely used process based LCA software program with extensive databases and different impact assessment methods. With SimaPro, the LCA practitioner develops an LCA by using the software's existing processes or creating new processes ͑SimaPro 2001͒. The life-cycle inventory data for transportation, construction equipment's diesel usage and emissions, and on-site electricity usage are derived from processes in the software tool. New processes were created from EIO-LCA data for the construction service sectors and equipment manufacturing and maintenance. Water use was quantified in terms of usage; however, treatment and distribution of the water is not included in the assessment. The hybrid construction model inventory was then generated with the LCA software tool. The results in this paper only show the life-cycle inventory, not the results from the life-cycle impact assessment ͑LCIA͒.
Transportation
The transportation processes include the delivery of concrete, precast concrete, and excess material to and from the site. The data for concrete delivery was obtained from concrete tickets. The critical information for this analysis includes the distance from the plant to the site, the weight of the loaded truck, the return distance, and the weight of the unloaded truck. The assumed weight of the empty concrete truck was 11,793 kg ͑26,000 lb͒; total ton-kilometers were determined from this data. This analysis does not include the idle time of the trucks, since that data was not available. Because the concrete tickets for the augercast piles were not available, the transportation of the concrete for the augercast piles was derived from the other concrete data. The same distances were used and an average loaded truck weight was determined. A quantity takeoff was done to determine the amount of concrete in the augercast piles and the total tonkilometers were calculated. All concrete trucks were assumed to return empty.
The transportation ͑in ton-kilometers͒ for precast pieces was determined by adding the precast piece weight plus the average weight of the tractor trailer and multiplying the total tons by the distance traveled. Since three different precast manufacturers were used on this project, three different distances were utilized depending on the piece. The precast pieces were evaluated for configuration and sizing to determine the number of pieces per shipment. It was assumed that all precast trucks returned to their respective manufacturing facilities empty. Total ton-kilometers for the excess soil transport was determined by multiplying the total loaded truck weight by its weight and the distance from the job site to the disposal facility. For the return trip, the total unloaded truck weight was multiplied by the distance from the disposal site to the job site. It was assumed that all trucks returned empty from the disposal facility and did not return to the truck's original destination, the trucking facility.
The LCI for these three transportation activities used existing process descriptions in the LCA software tool. Concrete and precast deliveries were modeled with a 40-t truck and the excess soil transport was modeled with a 28-t truck. The processes are based on average fuel consumption and emissions factors. Efficiencies were adjusted to reflect actual activity in this case study. The process includes construction of the roadway infrastructure, manufacturing the trucks, direct energy, combustion emissions, materials used during the use phase, and end-of-life scenarios. The emission from the combustion of fuel was considered ͑PRe Consultants and ESU-Services 2001͒.
Construction Equipment: Diesel Usage and Combustion Emissions
The DCRs contain information related to the weather, daily activities, problems, safety incidents, number and type of workers, and equipment used with hours of operation. The list of construction equipment included in this assessment is shown in Fig. 1 . The critical data for this analysis were the equipment used and the respective hours of operation. In some instances when the model was not recorded on the DCRs, assumptions were made based on project knowledge and photographs. After models, makes, and engines were determined and in some cases assumed for each piece of equipment, the manufacturer's websites were consulted for the associated horsepower. The amount of diesel fuel used in gallons was determined by multiplying DCR hours by horsepower by 0.04 ͑Peurifoy and Schexnayder 2002͒. This formula was developed for diesel engines operating under standard conditions. The equipment processes were then modeled in the LCA software tool using the existing unit process, Diesel Equipment, which accounts for extraction, production, and combustion ͑PRe Consultants 2001͒.
Construction Service Sectors
The construction service sectors portion of the construction process were modeled using EIO-LCA. The total cost of the construction project was $5,440,000, but because EIO-LCA requires producer's price in lieu of the purchaser's price along with an assumption regarding profit, a dollar amount of $5,000,000 was input into the EIO-LCA sector: "office, industrial, and commercial buildings." The data extracted included economic, conventional pollutants, global warming potential, and energy usage, which was provided for all 485 sectors, using the U.S. Dept of Commerce 1992 EIO-LCA database. Results were then subjectively analyzed to determine the relevant construction service sectors ͑e.g., architects, engineers, and surveyors͒. Column ͑A͒ of Table 3 summarizes the construction service sectors selected from the EIO-LCA model.
Upstream Production and Maintenance of Construction Equipment
"Upstream and maintenance effects of construction equipment" refers to allocating the environmental impacts from the manufacturing of the construction equipment as well as other life-cycle stages related to the equipment. The same EIO-LCA approach used for the construction service sectors was used for this process as well. The results from the $5,000,000 producer's price were subjectively analyzed to determine the sectors related to construction equipment, and the data from the construction equipment categories were totaled and conversions were performed for the LCA software tool. The EIO-LCA sectors selected are listed in Table 3 , Column ͑B͒. It should be noted that this equipment pro- 
On-Site Electricity Usage and Water Consumption
Utility bills were obtained from the general contractor. The onsite electricity bill was provided for both the trailers and the construction site, while the water bills were only for the construction site itself, as the trailers did not have publicly supplied water. This data were used to determine the electricity and water consumption for the project. Electricity usage was mainly for small equipment, temporary lighting, and trailers, while water usage was used generally during pile cap installation, concrete pours, and clean up. The total metered electricity and water usage for the project was 92,700 kW· h and 227,124 L, respectively.
Life-Cycle Inventory Analysis
The life-cycle inventory analysis is shown in Tables 4 and 5.  Table 4 summarizes the total ton-kilometers for each construction process included in the analysis. Precast delivery is the most significant transportation process with 3,783,100 t-km. The data in Table 4 , along with other data, were used to determine construction emissions ͑Table 5͒. Global warming potential ͑GWP͒ values have been converted to CO 2 equivalents ͑CO 2 E͒ using the Adriaanse Report ͑Adriaanse 1993͒. In terms of GWP, transportation has the highest impact, followed by equipment ͑diesel͒, and construction services. Transportation has the highest impact in terms of SO 2 , NO 2 , VOC, lead, and PM 10 . The construction service sectors produce the highest amount of CO. The environmental impacts of on-site electricity usage were negligible.
Discussion
Of the construction activities included in this analysis, transportation contributed the highest environmental impacts in all categories except two. The transportation of the precast concrete was the most significant. The lowest bidder's plants and subcontractor's plants were located in three different locations with the farthest in Toronto. Conversely, the batch concrete plant's location was less than 8 km away, potentially minimizing the impacts of transportation. Not included in this analysis was idling time, which could be significant due to the long wait times at the United States-Canada border.
Since this was a publicly bid project, the owner accepted the lowest responsible bidder; however, the second lowest bidder's architectural precast plant was closer, 200 km, versus the plant in Toronto at 530 km. A comparison in terms of impact indicators between the lowest bid and the second lowest bid is shown in Table 6 . The second lowest bidder was an average of 33% lower in most emission categories. If social externalities for emissions are added to bid prices, then the lowest bidder's bid price would have increased by about $14,400 and the second lowest bidder's price would have increased by about $5,000 ͑Matthews and Lave 2000͒.
If one would calculate the social costs of the additional emissions, the environmental impacts associated with transportation illustrate the importance of promoting the purchase of local materials, especially high mass materials such as precast concrete and steel. Local materials are addressed in Leadership in Environmental and Economic Design (LEED)-New Construction, Version 2.1 green building rating system ͑USGBC 2002͒. Credit can be obtained if 20% of the building's material is purchased "locally", where "locally" is defined as within a 800 km radius from the site. In this case, the precast concrete from Canada would have been considered a local product. Since this analysis indicates that transportation is dominant in most impact categories, in the construction phase, additional incentives for shorter distances should be considered.
The NO x emissions from the equipment fuel combustion were the second highest. In May 2004, the EPA finalized a comprehensive rule to reduce emissions from nonroad diesel engines ͑i.e., construction equipment͒. The overall goal was to reduce PM and NO x by 90%. As a part of the implementation of the program, the EPA developed a voluntary program in conjunction with the Associated General Contractors of America ͑AGC͒ entitled "Clean construction USA" ͑EPA 2005͒. This program encourages the use of emission control technologies by promoting retrofit incentives and technical assistance. The diesel equipment process selected in the LCA software tool to determine the emissions for this case study did not include the new regulations. Many process LCAs do not include the associated service sectors; excluding these sectors can lead to an assessment that may greatly underestimate the environmental emissions. For this as sessment, the construction services produced the most CO and were the third highest process with respect to GWP total, SO 2 , NO 2 , VOC, and PM 10 created. If construction service sectors were excluded from this LCA, GWP would be approximately 20% lower than the total GWP for the entire construction process. Finally, SimaPro software was used with applicable processes. Several commercial LCA software packages are available, and results can vary depending on the processes selected and software used.
Conclusion and Future Research
Life-cycle assessment methodology can be used to holistically evaluate construction processes. After reviewing several types of hybrid models: tiered, input-output, integrated, and augmented process-based, an augmented process-based hybrid model was used for the case study of the construction of a precast parking garage. The dominant process was transportation, demonstrating the importance of setting standards related to procurement of local materials. Including construction service sectors was shown to be significant ͑20% of total GWP͒; excluding the service sectors can lead to an incomplete analysis that may not represent all of the environmental impacts. Future research will further develop the hybrid model. The case study assisted in creating a conceptual model and uncovering potential development areas. One example is the use of EPA's Nonroad program, which will allow for additional modeling of construction equipment in terms of type, horsepower, and emission standards. Additionally, this case study utilized the producer's construction contract value in EIO-LCA and then subjectively selected the service and construction equipment sectors considered relevant. An alternative approach would be to determine the actual contract values of each support sector ͑i.e., architect, engineer, and construction manager͒ and determine the relevant sectors for these activities. The results would then be direct impacts, instead of indirect impacts. Similarly, it is possible to determine the dollar values of the equipment, allocate these prices according to expected engine hours used on the project divided by the expected lifetime engine hours, and utilize these as direct inputs instead of indirect results. The model will also be expanded to include estimates of productivity and contract durations and will include several more construction processes. Additional research will be explored between the environmental externalities, bidding processes, and project delivery methods; specifically, developing the relationship between including the environmental costs with submitted bid prices.
The case study also revealed other areas necessitating further investigation including surveys of on-site energy expenditures, construction equipment with associated emissions, and an indepth investigation of construction sectors as represented in the current NAICS. On-site energy sources are usually provided by diesel, electricity, and natural gas. Determining the energy expenditures can be roughly estimated using Census reports for the construction sectors ͑US Department of Commerce 2000͒; however, more site specific information is needed according to construction project, cost, and duration to further understand energy usage per construction project. This information is currently being collected as a part of this research ͑Matthews et al. 2005͒ . There is a need to more fully understand the sector mapping for construction between U.S. Bureau of Economic Analysis's I-O tables, NAICS, and EIO-LCA tool. For most other sectors in the economy, there is an existing mapping between I-O sectors and NAICS industries. Attempts are being made to produce a clear mapping between I-O sectors, NAICS industries, and EIO-LCA construction sectors.
